INTRODUCTION {#S1}
============

Throughout the nervous system, dendritic arbor size is critical for neuronal function ([@R41]; [@R89]). In the retina, dendrites prescribe the region from which photoreceptor signals are collected and shape receptive fields ([@R4]; [@R21]; [@R71]). The dendrites of each neuron type cover the retina evenly to represent visual space homogeneously. Dendrite size and overlap (i.e., coverage) vary widely between retinal neurons, and differences in coverage determine the ratios in which circuit components are combined ([@R34]; [@R41]). Whether dendrite size is controlled independent of other morphological features, what molecular mechanisms determine the overlap of low- and high-coverage neurons, and how dendrite coverage shapes specific retinal computations is unknown.

Rod bipolar cells (RBCs) are conserved from rodents to primates ([@R27]; [@R56]), receive input from rod photoreceptors, and mediate vision near the threshold ([@R20]). The dendrites of RBCs have low coverage (\~2) ([@R80]). Their arbor size varies inversely with RBC density across mouse strains ([@R34]) and increases when neighbors are removed during development ([@R30]), indicating that homotypic signals constrain RBC dendrite growth. The cell-adhesion molecule DSCAML1 mediates repulsive interactions between RBCs, and their dendrites fasciculate in *Dscaml1*-null mutants ([@R23]). However, RBC arbor size is reduced, rather than increased, in these mutants ([@R23]). The homotypic signals that limit RBC dendrite growth, therefore, remain to be identified.

Starburst amacrine cells (SACs) are conserved from rodents to primates ([@R56]; [@R93]) and have the highest coverage (\>40) of all cells in the retina ([@R33]; [@R42]). The cell bodies of ON and OFF SACs are distributed regularly (i.e., mosaics) in the ganglion cell and inner nuclear layer, respectively ([@R33]; [@R65]). Soma mosaics facilitate even dendrite coverage of the retina. Cell death initiated by purinergic signaling ([@R63]) and repulsive signals from two cell-surface proteins (MEGF10 and MEGF11) ([@R32]) organize SAC mosaics. However, SAC arbor size is reduced, rather than increased, by deletion of *Megf10*, and dendrite territories do not vary with SAC density from the center to the periphery of the retina or across different mouse strains ([@R33]; [@R62]). Thus, unknown signals control SAC dendrite size independent of cell body mosaics.

The dendrites of ON and OFF SACs stratify in two narrow bands in the inner plexiform layer (IPL). Within each band, SACs elaborate radially symmetric arbors with central input and peripheral output regions ([@R2]; [@R15]; [@R18]; [@R24]; [@R37]). The four to six primary dendrites of SAC arbors with their daughter branches function as independent motion sensors, each preferring motion away from the soma ([@R17]; [@R51]; [@R58]). Centrifugal motion preference is shaped by the distribution of input and output regions in the SAC arbor ([@R15]; [@R24]; [@R37]; [@R82]) and translated into direction-selective inhibition of direction-selective ganglion cells (DSGCs) through asymmetric connectivity ([@R2]; [@R22]; [@R88]; [@R92]). Thus, as for many neurons, the circuit function of SACs relies on dendrite stratification, branching, subcellular compartmentalization, and synaptic specificity in addition to arbor size. Signals that control arbor size independent of other features of dendritic morphology and connectivity have not yet been identified. In addition, how dendrite arbor size and coverage shape the detection of specific visual features is unknown.

Here, we discover that RBCs and SACs express the homophilic cell-surface protein AMIGO2. We show that AMIGO2 selectively controls RBC and SAC dendrite size and coverage and shapes the encoding of motion direction in the retina.

RESULTS {#S2}
=======

Expression of *Amigo2* in the Retina {#S3}
------------------------------------

Cell-surface proteins with extracellular leucine-rich repeat (LRR) domains guide many processes in neural development ([@R12]). In an *in situ* hybridization screen, we found that the LRR-containing cell-surface protein AMIGO2 is expressed by cells on either side of the IPL and in a band of cells near the outer margin of the inner nuclear layer ([Figures 1A](#F1){ref-type="fig"}--[1C](#F1){ref-type="fig"}). Transcripts were abundant by postnatal day 10 (P10), when retinal circuits are forming, and persisted in mature neurons (P20) ([@R28]). In combined *in situ* hybridization and immunohistochemistry experiments, we found that *Amigo2*-positive cells on either side of the IPL stained for choline acetyltransferase (ChAT), identifying these neurons as SACs ([Figure 1D](#F1){ref-type="fig"}). Similarly, combined *Amigo2 in situ* hybridization and protein kinase Cɑ (PKCɑ) immunohistochemistry identified the *Amigo2*-positive band of cells at the outer margin of the inner nuclear layer as RBCs ([Figure 1E](#F1){ref-type="fig"}). Analysis of single-cell RNA-sequencing (scRNA-seq) data profiling amacrine cells ([@R43]) confirmed strong expression of *Amigo2* in SACs as well as a small population of *Slc35d3*-positive cells ([Figure S1](#SD1){ref-type="supplementary-material"}). A separate analysis of scRNA-seq data profiling bipolar cells ([@R73]) confirmed strong expression in *Prkca*-positive RBCs ([Figure S1](#SD1){ref-type="supplementary-material"}).

Our efforts to raise specific antibodies against AMIGO2 failed and commercially available antibodies indistinguishably labeled wild-type and *Amigo2* knockout (KO) retinas (data not shown). To evaluate the subcellular distribution of AMIGO2, we used a gene gun (i.e., biolistics) to deliver a DDK-tagged construct to SACs ([STAR Methods](#S11){ref-type="sec"}). This technique cannot label RBCs ([@R49]). AMIGO2-DDK was distributed in puncta across SAC arbors ([Figure 1F](#F1){ref-type="fig"}). Thus, *Amigo2* is expressed in SACs and RBCs in the developing and mature retina, with the protein covering dendrite arbors of the former.

Cell Density and Neurite Stratification of SACs and RBCs in *Amigo2* KO Mice {#S4}
----------------------------------------------------------------------------

To study the function of AMIGO2 in development, we generated *Amigo2* KO mice with transcription activator-like effector nucleases (TALENs; [STAR Methods](#S11){ref-type="sec"}). ON and OFF SACs form independent mosaics in the ganglion cell and inner nuclear layer, respectively ([@R33]; [@R65]). The density of ON SACs and their distribution in the ganglion cell layer measured by density recovery profiles ([@R67]) were unchanged in *Amigo2* KO compared to wild-type mice ([Figures 2A](#F2){ref-type="fig"}--[2C](#F2){ref-type="fig"}). OFF SACs were more abundant than ON SACs, but their density and distributions in the inner nuclear layer were indistinguishable between wild-type and *Amigo2* KO littermates ([Figures 2D](#F2){ref-type="fig"}--[2F](#F2){ref-type="fig"}). RBCs are the most numerous bipolar cell type and are packed near the outer margin of the inner nuclear layer ([@R34]; [@R85]). The density of RBCs was not significantly different between wild-type and *Amigo2* KO mice ([Figure 2G](#F2){ref-type="fig"}--[2I](#F2){ref-type="fig"}). In addition, the overall area of the retina was the same in *Amigo2* KO and wild-type mice ([Figure S2](#SD1){ref-type="supplementary-material"}). Matching cell densities, therefore, reflect preservation of total SAC and RBC numbers.

Bipolar cell axons and amacrine cell dendrites target particular depths of the retina's IPL to form specific circuits ([@R45]). Neurite stratification is regulated by cell-adhesion molecules ([@R16]; [@R55]; [@R90]). However, vibratome sections stained for ChAT and PKCɑ revealed that stratification patterns of SACs and RBCs in the IPL were unaffected by *Amigo2* deletion ([Figures 2J](#F2){ref-type="fig"}--[2O](#F2){ref-type="fig"}). Thus, SACs and RBCs are generated and survive in appropriate numbers, are evenly distributed in the right layers, and target their neurites correctly independent of AMIGO2.

Precisely Scaled Expansion of ON SAC Arbors in *Amigo2* KO Mice {#S5}
---------------------------------------------------------------

To analyze the effects of AMIGO2 on individual neurons, we biolistically labeled ON SACs with a cytosolic fluorophore (tdTomato) and PSD95-YFP, a marker of excitatory input synapses ([@R36]; [@R50]; [Figures 3A](#F3){ref-type="fig"}--[3D](#F3){ref-type="fig"}). We manually traced neurites and automatically identified synapses ([@R36]; [@R50]; [Figures 3E](#F3){ref-type="fig"} and [3F](#F3){ref-type="fig"}). The dendrite size of many neurons, although not ON SACs ([@R33]), varies with retinal eccentricity ([@R84]). We therefore restricted our analysis throughout this study to neurons at mid-eccentricity (i.e., between one-third and two-thirds of the distance from the optic nerve head to the edge of the retina) in P20--P35 mice. In *Amigo2* KO mice, ON SACs had longer dendrites that occupied larger territories than in wild-type mice ([Figures 3G](#F3){ref-type="fig"} and [3H](#F3){ref-type="fig"}). SAC branching is sparse in the central input region of the arbor and increases toward the arbor periphery where neurotransmitters are released ([@R2]; [@R15]; [@R18]; [@R24]; [@R37]). Branches of individual SACs avoid each other to establish space-filling arbors (i.e., dendritic self-avoidance). The numbers of ON SAC self-crossings were not significantly different between *Amigo2* KO and wild-type mice (*Amigo2* KO: 6.8 ± 0.4 cell^−1^, n = 29; wild-type: 7 ± 0.6 cell^−1^, n = 22; p = 0.85 by Mann-Whitney *U* test). Branch distributions were shifted away from the soma in *Amigo2* KO compared to wild-type ON SACs ([Figure 3I](#F3){ref-type="fig"}), but, when arbor expansion was taken into account, branch distributions of *Amigo2* KO and wild-type ON SACs were indistinguishable ([Figure 3J](#F3){ref-type="fig"}). Similarly, the distribution of input synapses was right-shifted in *Amigo2* KO ON SACs for absolute radial distances ([Figure 3K](#F3){ref-type="fig"}) but matched wild-type ON SAC distributions exactly when this distance was normalized to the maximal arbor extent ([Figure 3L](#F3){ref-type="fig"}). Thus, the dendrites of *Amigo2* KO ON SACs are precisely scaled versions of their wild-type counterparts with intact self-avoidance and accurately preserved input and output divisions.

Precisely Scaled Expansion of OFF SAC Arbors in *Amigo2* KO Mice {#S6}
----------------------------------------------------------------

OFF SACs in the inner nuclear layer are inaccessible to biolistic labeling ([@R49]). To test the influence of AMIGO2 on OFF SAC dendrites, we labeled these cells by injecting adeno-associated viruses expressing varying ratios of fluorescent proteins (i.e., *AAV-Brainbow*; [@R5]) into the vitreous of *ChAT-Cre* mice on an *Amigo2* KO or wild-type background ([Figures 4A](#F4){ref-type="fig"} and [4B](#F4){ref-type="fig"}). The dendrites of OFF SACs in *Amigo2* KO retinas were longer and covered larger territories than in wild-type retinas ([Figures 4C](#F4){ref-type="fig"} and [4D](#F4){ref-type="fig"}). As for ON SACs, branch distributions were right-shifted for absolute radial distances in *Amigo2* KO compared to wild-type OFF SACs ([Figure 4E](#F4){ref-type="fig"}) but overlapped precisely when branching was analyzed relative to the maximal arbor extent ([Figure 4F](#F4){ref-type="fig"}). Thus, AMIGO2 controls ON and OFF SAC arbor size without affecting the branching patterns or compartmentalization of dendrites.

Asymmetric Connectivity of SACs with DSGCs in *Amigo2* KO Mice {#S7}
--------------------------------------------------------------

Different dendrites of SACs synapse onto different DSGCs ([@R2]; [@R22]; [@R88]; [@R92]). SAC dendrites pointing toward the temporal retina provide GABAergic input selectively to DSGCs that prefer motion in the nasal direction (nDSGCs). Combined with the centrifugal motion preference of SAC dendrites, asymmetric connectivity results in direction-selective inhibition of DSGCs ([@R46]). To probe whether AMIGO2 regulates the connectivity of SACs with DSGCs, we performed paired patch-clamp recordings in *ChAT-Cre Ai9 DRD4-EGFP* mice on wild-type or *Amigo2* KO backgrounds. In these mice, all SACs express tdTomato and nDSGCs express EGFP ([@R29]; [@R31]; [@R54]). We targeted nDSGCs and SACs on their nasal (null) or temporal (preferred) side under two-photon guidance ([Figures 5A](#F5){ref-type="fig"} and [5E](#F5){ref-type="fig"}). We isolated inhibitory signals pharmacologically (30 μM D-AP5, 40 μM NBQX, and 5 μM DHμE) and clamped the voltage of nDSGCs to the reversal potential of excitatory conductances (\~0 mV). Consistent with previous observations ([@R3]; [@R22]; [@R40]; [@R88]; [@R92]), we found that on a wild-type background, depolarization of null-side SACs elicited robust inhibitory post-synaptic currents in nDSGCs, whereas depolarization of equidistant preferred-side SACs elicited weak or no input ([Figures 5B](#F5){ref-type="fig"}--[5D](#F5){ref-type="fig"}). Asymmetric inhibitory connectivity of null- and preferred-side SACs with nDSGCs was preserved in the *Amigo2* KO background ([Figures 5F](#F5){ref-type="fig"}--[5H](#F5){ref-type="fig"}). Thus, AMIGO2 regulates neither the subcellular compartmentalization of SACs' input synapses ([Figure 3](#F3){ref-type="fig"}) nor the asymmetric target preferences of their output connections.

Enhanced Selectivity of DSGCs in *Amigo2* KO Mice {#S8}
-------------------------------------------------

Because SAC density remains constant as arbors expand, dendrite coverage is higher in *Amigo2* KO than wild-type mice. SAC arbor size increases in *Amigo2* KO retinas without other changes in morphology or connectivity, allowing us to test the influence of dendrite coverage on circuit function. We recorded large ensembles of retinal ganglion cells on multielectrode arrays and identified DSGCs by their responses to square-wave gratings drifting in eight different directions ([Figures 6A](#F6){ref-type="fig"} and [6B](#F6){ref-type="fig"}; [STAR Methods](#S11){ref-type="sec"}). We presented drifting grating stimuli at a range of temporal and spatial frequencies. SACs suppress null-direction firing of DSGCs by GABAergic inhibition ([@R22]; [@R78]; [@R81]; [@R94]) and enhance preferred-direction firing of DSGCs via cholinergic volume transmission ([@R3]; [@R7]; [@R40]; [@R72]; [@R92]). In *Amigo2* KO mice, null-direction firing rates of DSGCs tended to be lower ([Figure 6C](#F6){ref-type="fig"}) and preferred-direction firing rates higher ([Figure 6D](#F6){ref-type="fig"}) than in their wild-type littermates, but neither trend alone reached statistical significance. However, when responses to all stimulus directions were taken into account, the direction selectivity of DSGCs was enhanced robustly across temporal and spatial stimulus frequencies in *Amigo2* KO compared to wild-type retinas ([Figure 6E](#F6){ref-type="fig"}).

In the same recordings, we analyzed the responses of non-DSGCs to spatiotemporal white noise stimuli with a linear-nonlinear cascade model ([@R8]; [@R53]; [Figures 6F](#F6){ref-type="fig"} and [6G](#F6){ref-type="fig"}). Spatiotemporal receptive fields were not significantly different in their time to peak sensitivity ([Figures 6F](#F6){ref-type="fig"} and [6G](#F6){ref-type="fig"}) or size ([Figure S3](#SD1){ref-type="supplementary-material"}) for ON and OFF ganglion cells in *Amigo2* KO compared to wild-type retinas. Equally, the peak firing rates of ON and OFF ganglion cells in response to white noise stimuli were unchanged in *Amigo2* KO compared to wild-type retinas ([Figures 6F](#F6){ref-type="fig"} and [6G](#F6){ref-type="fig"}). Thus, increased dendrite coverage of SACs in *Amigo2* KO retinas enhances the feature selectivity of DSGCs across a wide range of spatial and temporal stimulus frequencies without affecting the responses of other ganglion cell types.

Selective Expansion of RBC Dendrites in *Amigo2* KO Mice {#S9}
--------------------------------------------------------

To probe whether the function of AMIGO2 is conserved between SACs and RBCs, we sparsely labeled the latter by intravitreal injection of *AAV-Grm6-YFP* ([@R30]). In retinal flat mounts stained for GPR179, a component of the postsynaptic receptor complex ([@R52]; [@R61]; [@R69]), we found that RBC dendrites expanded and formed more synapses in *Amigo2* KO than wild-type mice ([Figures 7A](#F7){ref-type="fig"}--[7F](#F7){ref-type="fig"}). Similar to SACs, the distribution of input synapses on RBC dendrites was shifted to the right when measured as a function of absolute distance from their territory centers ([Figure 7G](#F7){ref-type="fig"}), but when arbor expansion was taken into account, the radial distributions of RBC input synapse densities in *Amigo2* KO and wild-type mice were brought into register ([Figure 7H](#F7){ref-type="fig"}).

Unlike SACs, RBCs have separate axon arbors. The territories of RBC axons were indistinguishable between *Amigo2* KO and wild-type mice ([Figure S4](#SD1){ref-type="supplementary-material"}), indicating that AMIGO2 controls dendrite size selectively. RBC dendrites contact rod photoreceptors together with horizontal cells ([@R28]), which do not express AMIGO2. We sparsely labeled horizontal cells by intravitreal injection of *AAV-CAG-YFP* ([@R76]). Neither horizontal cell axons, which contact rods, nor horizontal cell dendrites, which contact cones, differed in size between *Amigo2* KO and wild-type mice ([Figure S5](#SD1){ref-type="supplementary-material"}). Thus, the influence of AMIGO2 on arbor size is conserved between SACs and RBCs, selective for dendrites versus axons, and restricted to neurons expressing AMIGO2.

DISCUSSION {#S10}
==========

Here, we discover that AMIGO2 controls the size and coverage of SAC and RBC dendrites and shapes direction-selective signals from the retina to the brain. AMIGO2 is one of three related type I transmembrane proteins (AMIGO1--AMIGO3) ([@R39]). The three AMIGOs contain six conventional and two cysteine-rich LRR domains followed by an immunoglobulin domain in their extracellular N terminus and interact homo- and heterophilically ([@R39]). AMIGO1 promotes axon development in cultured neurons and zebrafish ([@R39]; [@R95]). We show that AMIGO2 regulates dendrite development in the retina ([Figures 3](#F3){ref-type="fig"}, [4](#F4){ref-type="fig"}, and [7](#F7){ref-type="fig"}). The function of AMIGO3 remains unknown.

Because AMIGO2 interacts homophilically ([@R39]), the most parsimonious explanation for the increased dendrite size in KO mice is that AMIGO2 mediates growth-inhibiting signals between neurons of the same type (i.e., homotypic interactions). The effects of AMIGO2 are conserved between RBCs and SACs, indicating that the same cue can control the dendrite size of low-coverage (RBCs) and high-coverage (SACs) neurons. Homotypic repulsion constrains dendrite growth of strictly territorial neurons (i.e., coverage = 1) in the retina and other sensory systems ([@R25]; [@R26]; [@R41]; [@R48]). We propose that, unlike the absolute stop signals of homotypic repulsion, AMIGO2-mediated interactions limit dendrite growth in a cumulative manner. We speculate that differences in AMIGO2 expression levels and downstream cascades amplify and attenuate signals to establish cell-type-specific coverage of RBC and SAC dendrites.

In many instances, dendrites of a neuron type vary selectively in size across tissue topography (e.g., retinal eccentricity) and species (e.g., mouse versus macaque) ([@R66]; [@R84]). These observations suggest that dendrite size can be controlled independent of other morphological features. However, all previously identified molecular cues co-regulate dendrite size with branching patterns and/or arbor shapes ([@R23]; [@R47]; [@R74]; [@R75]; [@R77]). Here, we find that dendrite arbors of ON and OFF SACs and RBCs in *Amigo2* KO mice are precisely scaled versions of their wild-type counterparts ([Figures 3](#F3){ref-type="fig"}, [4](#F4){ref-type="fig"}, and [7](#F7){ref-type="fig"}). This suggests that AMIGO2 selectively controls dendrite size. We, therefore, propose to categorize AMIGO2 as a dendritic scaling factor, the first of its kind. We hypothesize that signals mediated by AMIGO2 and other scaling factors contribute to cell-type-specific, topographic, and species-dependent differences in dendrite size.

Some effects of dendrite size on neuronal function are easy to predict. In the retina, receptive fields are approximately congruent with dendrites, and receptive field size, therefore, scales with dendritic arbor size ([@R1]; [@R4]; [@R10]; [@R71]). By contrast, how dendrite size and coverage shape circuit functions emerging from complex interactions of multiple components is less obvious and remains unknown. SACs serve at least two circuit functions. In developing retina, SACs generate and propagate cholinergic waves of activity that pattern projections from the retina to the brain ([@R35]; [@R38]). In the mature retina, SACs generate direction-selective responses of DSGCs by cholinergic volume transmission and asymmetric GABAergic inhibition ([@R14]; [@R40]; [@R46]; [@R72]; [@R86]). Cholinergic waves were indistinguishable between *Amigo2* KO mice and wild-type littermates ([Figure S6](#SD1){ref-type="supplementary-material"}), likely because the expression of AMIGO2 and its effects on SAC arbors size begin after the respective period of development ([Figure 1](#F1){ref-type="fig"}). In the mature retina, we found that the connectivity of individual SACs with DSGCs was unchanged ([Figure 5](#F5){ref-type="fig"}), but the direction selectivity of DSGC responses was robustly enhanced ([Figure 6](#F6){ref-type="fig"}). We speculate that this is because increased SAC coverage and convergence onto DSGCs increase cholinergic and GABAergic input from the SAC population. A recent study found that direction selectivity is decreased in *Sema6A* KO mice, in which SAC coverage is reduced ([@R51]). Together, these studies indicate the feature-selective signals from the retina to the brain are controlled bidirectionally by the dendrite size and coverage of an interneuron.

STAR★METHODS {#S11}
============

LEAD CONTACT AND MATERIALS AVAILABILITY {#S13}
---------------------------------------

All unique/stable reagents generated in this study are available from the Lead Contact with a completed Materials Transfer Agreement. Information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Daniel Kerschensteiner (<kerschensteinerd@wustl.edu>).

EXPERIMENTAL MODEL AND SUBJECT DETAILS {#S14}
--------------------------------------

### Animals {#S15}

We used Transcription Activator-like Effector Nucleases (TALENs) to generate *Amigo2* knockout (*Amigo2* KO) mice. Genomic DNA sequences of *Amigo2* were obtained from the GenBank Database (NM_178114). TALEN target sequences were: left 5′-TCAGG AATGTGCCCCACTGC-3′ and right 5^0^-TTGGTGCAGCTGACAATGTC-3′ separated by a 16-bp spacer containing a SfaNI restriction site. Target specificity of TALENs was validated in N2A cells with Xtremegene HP (Roche), followed by a T7E1 assay (NEB). T7 TALEN templates for *in vitro* transcription were EcoRI digested, purified, and *in-vitro* transcribed with the T7 mMessage mMachine Ultra kit (Life Technologies). After transcription, both RNAs were purified with the Megaclear kit (Life Technologies). We obtained mouse zygotes by mating *C57Bl6/J DBA2* stud males (Jackson Labs) to super-ovulated *C57Bl6/J DBA2* females at a 1:1 ratio. Fertilized one-cell embryos were injected with 50 ng nL^−1^ (25 ng nL^−1^ of each TALEN) into the pronucleus and cytoplasm of each zygote and transferred into pseudo-pregnant females. With this procedure, we obtained 22 live F0 mice. We extracted genomic DNA from the tails of F0 mice and amplified a 299-bp PCR product using *Amigo2-F1*: 5′-ATT GGT GGG AGA CTG AGC TGA TGA GAA GCG-3^0^ and *Amigo2-R1*: 5′-GTC CGA TTC TGT TAT AGC TCA GAT CCA GTC-3′ oligonucleotides, Klentaq LA (DNA Polymerase Technology) and a Biometra PCR machine (94°C for 3 min, then 40 cycles of 94^○^C for 1 min and 68°C for 2.5 min, followed by a final extension step at 68°C for 8 min). PCR products were digested with SfaNI (Biolabs) and run on 2% agarose gels. Restriction yielded 101-bp and 198-bp fragments for wild-type animals, whereas PCR fragments of potential *Amigo2* KO animals remained uncut (i.e., 299 bp). Our results revealed that 12 of the 22 F1 mice animals had lost the targeted SfaNI site in one or both *Amigo2* alleles. Litters obtained by crossing the 12 F1 founders with C57Bl6/J mice were used to analyze the corresponding mutations by sequencing with the *Amigo2-F1* oligo. Five deletions at the TALENs target resulted in frameshifts mutations in the *Amigo2* gene. Four lines (2-bp, 8-bp, 22-bp, and 43-bp deletions) were crossed to C57Bl6/J for at least four more generations. After confirming that results from the four lines were identical, we combined them and present them as *Amigo2* KO data throughout this paper.

For paired recordings, we first crossed *ChAT-Cre* mice ([@R68]) to the *Ai9* reporter strain ([@R44]) to label SACs with tdTomato. We then paired *ChAT-Cre Ai9* mice with *DRD4-EGFP* mice line, in which nasal-motion-preferring DSGCs (nDSGCs) express EGFP ([@R29]; [@R64]). All mouse lines were crossed onto a *C57Bl6/J* background for more than five generations. Except for developmental *in situ* hybridization experiments, we used postnatal day 20 to 35 (P20--35) mice of both sexes throughout our study. All procedures were approved by the Animal Studies Committee of Washington University School of Medicine (Protocol \# 20170033) and performed in compliance with the National Institutes of Health *Guide for the Care and Use of Laboratory Animals*.

METHOD DETAILS {#S16}
--------------

### Adeno-associated viruses {#S17}

To label OFF SACs, we injected 250 nL of *AAV-Brainbow* ([@R5]) into the vitreous of newborn (postnatal day 0, P0) *ChAT-Cre* and *ChAT-Cre Amigo2* KO mice. To label RBCs and horizontal cells, we injected 250 nL of *AAV-Grm6-YFP* ([@R30]) and *AAV-CAG-YFP* ([@R76]), respectively, into the vitreous of newborn wild-type and *Amigo2* KO mice.

### Tissue preparation {#S18}

Mice were euthanized with CO~2~ followed by decapitation and enucleation. For *in situ* hybridization, immunohistochemistry, and biolistic labeling, eyes were transferred into oxygenated mouse artificial cerebrospinal fluid (mACSF~HEPES~) containing (in mM): 119 NaCl, 2.5 KCl, 1 NaH~2~PO~4~, 2.5 CaCl~2~, 1.3 MgCl~2~, 20 HEPES, and 11 glucose (pH adjusted to 7.37 using NaOH). Retinas were either isolated and flat-mounted on filter paper (HABG01300, Millipore), or left in the eyecup for 30 min fixation with 4% paraformaldehyde in mACSF~HEPES~. For patch-clamp and multielectrode array recordings, mice were dark-adapted for at least 2 hr before their retinas were isolated under infrared illumination (\> 900 nm) in mACSF~NaHCO3~ containing (in mM) 125 NaCl, 2.5 KCl, 1 MgCl~2~, 1.25 NaH~2~PO~4~, 2 CaCl~2~, 20 glucose, 26 NaHCO~3~ and 0.5 L-glutamine equilibrated with 95% O~2~ 5% CO~2~. Retinas were then flat mounted on membrane disks (Anodisc13, Whatman).

### *In situ* hybridization {#S19}

We followed previously described *in situ* hybridization methods ([@R75]; [@R91]). We prepared the DNA template for riboprobes by PCR from an MGC clone obtained from Horizon/Dharmacon using the following primers: *Amigo2-ST3*: 5′-GCAATTAACCCTCACTAAAGCCCCAGCGCCTCAGGAATGTGC-3^0^ and *Amigo2-RT7*: 5′-TAATACGACTCACTATAGGAGCTGGTG GGAGTGCCTGGAGTC-3′. We synthesized the antisense RNA probes using the DIG RNA labeling kit (Roche) from T7 sites incorporated by PCR in the DNA template. Fixed eyecups (s. Tissue preparation) were cryoprotected and sliced (thickness: 20 μm) with a cryotome (Leica). Retinal sections were pretreated using proteinase K, postfixed, permeabilized using Triton X-100, and prehybridized for 4 hr at 65°C. Hybridization was performed overnight at 65°C using 1--2 μg mL^−1^ antisense RNA. The hybridized riboprobe was detected using anti-DIG alkaline phosphatase labeled antibodies and BCIP/NBT (Roche) overnight. For combined *in situ* hybridization and immunohistochemistry, the *in situ* signal was detected using anti-DIG peroxidase-conjugated antibodies with Cy3-Tyramide as a substrate (PerkinElmer), followed by staining with an antibody against ChAT (goat anti-ChAT, EMD Millipore, 1:1000) or PKCα (mouse anti-PKAα, Sigma, 1:1000) ([@R32]; [@R75]).

### Immunohistochemistry {#S20}

Vibratome slices (thickness: 60 μm) were blocked for 2 hr with 5% Normal Donkey Serum in PBS, embedded in 4% agarose (Sigma) and incubated overnight at 4°C with primary antibodies. Slices were then washed in PBS (3 3 20 min) and incubated in secondary antibodies for 2 hr. Flat-mount preparations were frozen and thawed three times after cryoprotection (1 hr 10% sucrose in PBS, 1 hr 20% sucrose in PBS, and overnight 30% sucrose in PBS at 4°C), blocked with 5% Normal Donkey Serum in PBS for 2 hr, and then incubated with primary antibodies for five days at 4^○^C and washed in PBS (3 × 1 hr). Subsequently, flat mounts were incubated with secondary antibodies for one day at 4^○^C and washed in PBS (3 × 1 hr). The following primary antibodies were used in this study: goat anti-ChAT (1:1000, EMD Millipore), mouse anti-PKAɑ (1:1000, Sigma),mouse anti-DDK (1:1000, Origene), rabbit anti-GFP (1:500, Invitrogen), and mouse anti-GPR179 (1:1000, EDM Millipore). Secondary antibodies were Alexa 488- and Alexa 568 conjugates (1:1000, Invitrogen).

### Biolistic labeling {#S21}

We coated gold particles (diameter: 1.6 μm, Bio-Rad) with plasmids encoding cytosolic tdTomato and postsynaptic density protein 95 (PSD95) fused at its C terminus to YFP ([@R36]), or AMIGO2-DDK (Origene). We used a helium-pressurized gun (40 psi, Bio-Rad) to deliver particles to a sparse population of cells in the ganglion cell layer and incubated the transfected retinas in mACSF~HEPES~ in a humid oxygenated chamber at 33°C for 16--18 hr ([@R49]). We identified ON SACs by their characteristic arbor morphology.

### Confocal imaging {#S22}

We acquired confocal image stacks on an Fv1000 laser-scanning microscope (Olympus) or an LSM 800 microscope (Zeiss) with an AiryScan detector array. Voxel sizes varied from 0.043--0.1 μm (x/y-z) to 0.309--0.5 μm (x/y-z). We traced neurite arbors of SACs using Simple Neurite Tracer in Fiji ([@R70]) and performed Sholl analysis on the tracings ([@R19]). SAC and RBC arbor territories were measured as the smallest convex polygons to encompass the dendrites of a given cell in a 2D-projection. PSD95-YFP clusters marking excitatory input synapses on SAC dendrites were identified in Fiji. RBC dendrite tips that overlapped with staining for GPR179 were counted as synapses ([@R30]). Radial distributions of neurites and synapses were calculated using scripts written in MATLAB. The surface area of RBC axons was measured from iso-intensity surfaces in Amira (FEI) ([@R30]). The density of SACs and RBCs changes with retinal eccentricity ([@R33]). Therefore, to minimize variation, we restricted our analysis to the middle third of the retina (i.e., \>⅓ and \<⅔ the distance from the optic nerve head to the margins of the retina).

### Patch-clamp recordings {#S23}

Dual whole-cell voltage-clamp recordings from SACs and DSGCs were performed in flat-mounted retinas superfused (5--7 mL min^−1^) with warm (30--33°C) mACSF~NaHCO3~ equilibrated with 95% O~2~ 5% CO~2~. The somata of EGFP-expressing nDSGCs and tdTomato-expressing SACs were targeted under two-photon guidance in *ChAT-Cre Ai9 DRD4-EGFP* mice on a wild-type or *Amigo2* KO background, and correct targeting was confirmed by morphologies revealed by two-photon imaging of Alexa 488 (0.1 mM) included in the intracellular solution containing (in mM) 120 Cs-gluconate, 1 CaCl~2~, 1 MgCl~2~, 10 Na-HEPES, 11 EGTA, 10 TEA-Cl, 2 Qx314, ATP-Na~2~, and 0.1 GTP-Na (pH adjusted to 7.2 with CsOH). Patch pipettes had resistances of 5--8 MΩ (borosilicate glass). The preferred direction of nDSGCs was inferred by the coordinates of retinas. SACs located on the nasal side of the nDSGCs were defined as null-side SACs, whereas SACs located on the temporal side were defined as preferred-side SACs. Inhibitory postsynaptic currents (IPSCs) of DSGCs were measured at the reversal potential of excitatory conductances (0 mV) in response to depolarization of paired SACs from −60 to 10 mV, in the presence of D-AP5 (30 μM, Tocris), NBQX (40 mM, Tocris) and DHβE (5 μM, Tocris). Liquid junction potentials were corrected offline. Signals were amplified with a Multiclamp 700B amplifier (Molecular Devices), filtered at 3 kHz (8-pole Bessel low-pass), and sampled at 10 kHz (Digidata 1440A, Molecular Devices).

### Multielectrode array recordings {#S24}

We recorded large ensembles of retinal ganglion cells on planar arrays with 252 electrodes arranged in a 16 × 16 grid with the corner positions empty (30 μm electrode size, 100 μm center-center spacing, Multi Channel Systems). During recordings, retinas were perfused with warm (30--33°C) mACSF~NaHCO3~ equilibrated with 95% O~2~ 5% CO~2~ at 5--7 mL min^-1^. Signals of each electrode were filtered (300--3,000 Hz) and digitized at 10 kHz. Signal cut-outs from 1 ms before to 2 ms after crossings of negative thresholds (set manually for each channel) were recorded to hard disk together with the time of threshold crossing (i.e., the spike time). We sorted spikes into trains representing the activity of individual neurons by principal component analysis of spike waveforms (Offline Sorter, Plexon). We used refractory periods to assess the quality of the sorting and retained only spike trains in which \< 0.2% of interspike intervals were \< 2 ms. When the activity of a single neuron had been recorded on more than one electrode (identified by cross-correlation), we used only the train with the most spikes in our subsequent analysis.

Visual stimuli were presented on an organic light-emitting display (OLED-XL, eMagin) and focused on the retina through a 20X 0.5 NA water immersion objective (Olympus) covering a \~1.7 × 2.3 mm rectangular area. Stimuli were generated in MATLAB using the Cogent Graphics toolbox extensions developed by John Romaya at the LON at the Wellcome Department of Imaging Neuroscience. The display output was linearized using custom-written scripts. All recordings were from the dorsal retina where M-opsin dominates ([@R83]; [@R87]), and the average intensity of each stimulus was 1000 M-opsin isomerizations per cone per second (1000 R\* cone^−1^ s^−1^). To evaluate direction selectivity, we presented four repeats of full-field square-wave gratings of varying spatial and temporal frequencies (spatial frequency: 0.023--0.17 cycles per degree or cpd, temporal frequency: 0.5--10 cycles s^−1^) drifting in eight directions at 45° intervals. Stimuli were shown in pseudorandom orders. Each stimulus repeat lasted 5 s. Direction selectivity indices (DSIs) were calculated based on the circular variance of the response ([@R53]; [@R57]). Cells with DSI ≥ 0.3 at temporal and spatial stimulus frequencies eliciting preferred-direction average firing rates \>4 Hz were considered direction selective. To map spatiotemporal receptive fields, the stimulus display was divided into vertical bars (width: \~50 μm, height: \~1.7 mm). The intensity of each bar was randomly chosen from a Gaussian distribution (RMS contrast: 40%) and updated every 33 ms (refresh rate: 30 Hz) for 30 min. A linear-nonlinear cascade model was used to analyze the responses of ganglion cells to this stimulus ([@R8]; [@R53]). We mapped linear spatiotemporal receptive fields by reverse correlation of the spike response with the stimulus (i.e., the spike-triggered stimulus average or STA). In a separate part of the recording, we then analyzed the dependence of the spike rate on the match between the stimulus and the STA (i.e., the generator signal) to compute the static nonlinearity.

Cholinergic waves were recorded in P7 retinas for \>1 hr in darkness. Waves were detected as peaks in the population activity that exceeded a threshold of 1.5 times the Loess-filtered (f = 0.67) running average ([@R13]). Spike time tiling coefficients of ganglion cell pairs were calculated as defined by [@R11].

### scRNA-seq Analysis {#S25}

Count matrices were downloaded from GEO accessions GSE63473 \[whole retina/amacrine cell ([@R43])\] and GSE81905 \[bipolar cell ([@R73])\]. Data were loaded into R and analyzed using Monocle 3 (version 0.1.3) ([@R6]; [@R59], [@R60]; [@R79]). Preliminary steps included removal of dead cells and doublets (cells with low or high read counts). High variance genes were used as ordering genes for dimension reduction using tSNE ([@R9]). Normalized expression values were calculated for each cell and all plotting was done using ggplot2 (version 3.2.1).

Whole retina data were first processed and amacrine cells identified by *Pax6* expression. Cells within these clusters were reanalyzed separately to optimize visualization of discrete subtypes. Genes identified as cell type specific markers ([@R43]) were plotted and co-expression within *Amigo2* was determined for both *Chat* and *Slc35d3*. Bipolar cells were analyzed in a similar manner; data were first cleaned for contaminating cells (e.g., rods) and putative bipolar cells (clusters marked by *Vsx2* and *Otx2*) were re-processed separately to optimize dimension reduction and separation of cell types. Genes identified as cell type specific markers ([@R73]) were plotted and co-expression with *Amigo2* was determined for *Prkca*.

QUANTIFICATION AND STATISTICAL ANALYSIS {#S26}
---------------------------------------

Data were analyzed using scripts written in MATLAB. Summary data are given as mean ± SEM. Non-parametric tests (Mann-Whitney U, Wilcoxon signed-rank) and bootstrapping were used to compare data from different experimental groups as specified in the figure legends. Statistical significance was considered when p \< 0.05.
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![*Amigo2* Expression in the Retina\
(A--C) *In situ* hybridization for *Amigo2* in postnatal day 5 (P5; A), P10 (B), and P20 (C) retinas.\
(D and E) Combined *in situ* hybridization for *Amigo2* (green) with immunohistochemistry for ChAT (D; magenta) and PKCɑ (E; magenta) in sections of P20 retinas.\
(F) Representative SAC biolistically labeled with AMIGO2-DDK in a flat-mounted P20 retina. The cell was digitally isolated in Amira for visual clarity\
See also [Figure S1](#SD1){ref-type="supplementary-material"}.](nihms-1542665-f0002){#F1}

![Soma and Neurite Distributions of SACs and RBCs in Wild-Type and *Amigo2* KO Mice\
(A and B) Images of the ganglion cell layer in retinal flat mounts from wild-type (A) and *Amigo2* KO (B) retinas stained for ChAT.\
(C) Density recovery profiles (mean ± SEM) of SACs in the ganglion cell layer of wild-type (n = 7 retinas) and *Amigo2* KO (n = 12 retinas) mice; p = 0.74 by bootstrapping. The overall density of SACs in the ganglion cell layer was not significantly different between wild-type (1,143 ± 70 cells mm^−2^) and *Amigo2* KO retinas (1,108 ± 38 cells mm^−2^; p = 0.89 by Mann-Whitney *U* test.\
(D and E) Images of the inner nuclear layer in retinal flat mounts from wild-type (D) and *Amigo2* KO (E) retinas stained for ChAT.\
(F) Density recovery profiles (mean ± SEM) of SAC cell bodies in the inner nuclear layer of wild-type (n = 8 retinas) and *Amigo2* KO (n = 11 retinas) mice; p = 0.98 by bootstrapping. The overall density of SACs in the nuclear layer was not significantly different between wild-type (1,472 ± 108 cells mm^−2^) and *Amigo2* KO retinas (1,453 ± 79 cells mm^−2^; p = 0.97 by Mann-Whitney *U* test.\
(G and H) Images of the inner nuclear layer in retinal flat mounts from wild-type (G) and *Amigo2* KO (H) retinas stained for PKCɑ.\
(I) Density (mean ± SEM) of RBCs in wild-type (18,738 ± 435 cells mm^−2^, n = 4 retinas) and *Amigo2* KO (18,629 ± 1,036 cells mm^−2^, n = 5 retinas) mice; p = 0.91 by Mann-Whitney *U* test.\
(J and K) Sections of P20 wild-type (J) and *Amigo2* KO (K) retinas stained for ChAT.\
(L) Lines (shaded areas) indicate the mean (± SEM) ChAT lamination patterns in the inner plexiform layer (IPL) in wild-type (n = 4 retinas) and *Amigo2* KO (n = 8 retinas) mice; p = 0.43 by bootstrapping.\
(M and N) Sections of P20 wild-type (M) and *Amigo2* KO (N) retinas stained for PKCɑ.\
(O) Lines (shaded areas) indicate the mean (± SEM) PKCɑ lamination patterns in the IPL in wild-type (n = 8 retinas) and *Amigo2* KO (n = 9 retinas) mice; p = 0.40 by bootstrapping.\
Throughout the figure, ns indicates no significant differences for statistical comparisons.\
See also [Figure S2](#SD1){ref-type="supplementary-material"}.](nihms-1542665-f0003){#F2}

![ON SAC Arbors Expand but Maintain Branching Patterns and Subcellular Compartmentalization in *Amigo2* KO Mice\
(A and B) ON SACs biolistically labeled with cytosolic tdTomato (magenta) and PSD95-YFP (green), a marker of excitatory synapses, in flat-mounted P20 wild-type (A) and *Amigo2* KO (B) retinas. Cells were digitally isolated in Amira for visual clarity.\
(C and D) Higher magnification view of the insets in (A) (shown in C) and (B) (shown in D).\
(E and F) Dendrite tracings (magenta) and output of synapse identification (green) for the ON SACs in (A) (shown in E) and in (B) (shown in F).\
(G) Cumulative distributions of ON SAC dendrite territories in wild-type (37,259 ± 1,361 μm^2^, n = 34 cells, n = 12 retinas) and *Amigo2* KO (47,584 ± 1,712 μm^2^, n = 53 cells, n = 16 retinas) mice; p = 5.5 3 10^−5^ by Mann-Whitney *U* test.\
(H) Cumulative distributions of ON SAC dendrite lengths in wild-type (3,028 ± 86 μm, n = 25 cells, n = 12 retinas) and *Amigo2* KO (3,422 ± 85 μm, n = 36 cells, n = 16 retinas) retinas; p = 0.0021 by Mann-Whitney *U* test.\
(I and J) Summary data of Sholl analyses for ON SAC branching patterns in wild-type (n = 16 cells, n = 10 retinas) and *Amigo2* KO (n = 18 cells, n = 10 retinas) retinas. Distributions of branches as a function of absolute distance from the soma; p = 0.0056 by bootstrapping (I). (J) Distributions of branches as a function of normalized radial distance; p = 0.21 by bootstrapping (J).\
(K and L) Summary data of the radial distribution of excitatory synapses in ON SAC dendrites in wild-type (n = 16 cells, n = 10 retinas) and *Amigo2* KO (n = 16 cells, n = 9 retinas) retinas. Distributions of synapses as a function of absolute distance from the soma; p = 0.012 by bootstrapping (K). Distributions of synapses as a function of normalized radial distance; p = 0.79 by bootstrapping (L).\
Throughout the figure, \*\*\*p \< 0.001, \*\*p \< 0.01, and ns indicates no significant differences for statistical comparisons.](nihms-1542665-f0004){#F3}

![OFF SAC Arbors Expand but Maintain Branching Patterns in Amigo2 KO Mice\
(A and B) OFF SACs labeled by *AAV-Brainbow* injections into the vitreous of *ChAT-Cre* mice on a wild-type (A) or *Amigo2* KO (B) background.\
(C) Cumulative distributions of OFF SAC dendrite territories in wild-type (46,283 ± 2,003 μm^2^,n =9 cells, n = 3 retinas) and *Amigo2* KO (70,070 ± 3,972 μm^2^, n = 8 cells, n = 3 retinas) mice; p = 8.2 3 10^−5^ by Mann-Whitney *U* test.\
(D) Cumulative distributions of OFF SAC dendrite lengths in wild-type (3,696 ± 139 μm, n = 6 cells, n = 3 retinas) and *Amigo2* KO (4,733 ± 193 μm, n = 5 cells, n = 3 retinas) mice; p = 0.0087 by Mann-Whitney *U* test.\
(E and F) Summary data of Sholl analyses for OFF SAC branching patterns in wild-type (n = 6 cells, n = 3 retinas) and *Amigo2* KO (n = 5 cells, n = 3 retinas) mice. Distributions of branches as a function of absolute distance from the soma; p = 0.0051 by bootstrapping (E). Distributions of branches as a function of normalized radial distance; p = 0.32 by bootstrapping (F).\
Throughout the figure, \*\*\*p \< 0.001, \*\*p \< 0.01, and ns indicates no significant differences for statistical comparisons.](nihms-1542665-f0005){#F4}

![Asymmetric Connectivity between SACs and DSGCs in Wild-Type and *Amigo2* KO Mice\
(A) Maximum intensity projection of a two-photon image stack acquired at the end of a paired recording from a DSGC and a null-side SAC in a *ChAT-Cre Ai9 DRD4-EGFP* mouse on a wild-type background.\
(B) Representative inhibitory postsynaptic currents (IPSCs) elicited in DSGCs by depolarizing SACs on the null (top trace) and preferred side (bottom trace) in a wild-type background.\
(C and D) Summary data (mean ± SEM) comparing the inhibitory conductances activated in DSGCs by stimulation of SACs on the null versus preferred side (C; null side: 6.0 ± 1.9 nS, n = 6 pairs, n = 4 retinas; preferred side: 0.47 ± 0.20 nS n = 4 pairs, n = 4 retinas; p = 0.0095 by Mann-Whitney *U* test) and the soma-soma distance of SAC-DSGC pairs (D, null side: 78 ± 9.2 μm; preferred side: 78 ± 13 μm; p = 0.91 by Mann-Whitney *U* test) in a wild-type background.\
(E) Maximum intensity projection of a two-photon image stack acquired at the end of a paired recording from a DSGC and a null-side SAC in a *ChAT-Cre Ai9 DRD4-EGFP* mouse on an *Amigo2* KO background.\
(F) Representative IPSCs elicited in DSGCs by depolarizing SACs on the null (top trace) and preferred side (bottom trace) in an *Amigo2* KO background.\
(G and H) Summary data (mean ± SEM) comparing the inhibitory conductances activated in DSGCs by stimulation of SACs on the null versus preferred side (G; null side: 4.0 ± 1.3 nS, n = 7 pairs, n = 4 retinas; preferred side: 0.26 ± 0.15 nS, n = 6 pairs, n = 4 retinas; p = 0.0012 by Mann-Whitney *U* test) and the soma-soma distance of SAC-DSGC pairs (H; null side: 94.7 ± 8.6 μm; preferred side: 90 ± 13 μm; p = 1 by Mann-Whitney *U* test) in an *Amigo2* KO background. Inhibitory conductances activated by stimulation of individual null-side SACs were not significantly different between wild-type and *Amigo2 KO* backgrounds (p = 0.37).\
Throughout the figure, \*\*p \< 0.01 and ns indicates no significant differences for statistical comparisons.](nihms-1542665-f0006){#F5}

![Response Selectivity of DSGCs Is Enhanced in *Amigo2* KO Retinas\
(A) Grayscale plots of the DSGC responses in wild-type (left panel) and *Amigo2* KO (right panel) mice to drifting grating stimuli. Each row depicts average responses of one cell to 0.023--0.034 cycles per degree (cpd) gratings drifting at 1--2 cycles s^−1^ (wild-type: n = 46 cells, n = 6 retinas; *Amigo2* KO: n = 40 cells, n = 8 retinas). Responses of each cell were centered on the direction eliciting the maximal response and its highest-response neighbor.\
(B) Summary data (mean ± SEM) of DSGC responses in (A) for wild-type (left panel) and *Amigo2* KO (right panel) mice.\
(C) Responses of DSGCs (mean ± SEM) to null-direction drifting grating stimuli of varying temporal (left panel) and spatial (right panel) frequencies in wild-type (n = 46 cells, n = 6 retinas) and *Amigo2* KO (n = 40 cells, n = 8 retinas) mice. Null-direction firing rates tended to be lower in *Amigo2* KO compared to wild-type mice, but this trend did not reach statistical significance; p = 0.39 (left panel) and p = 0.52 (right panel) by bootstrapping.\
(D) Responses of DSGCs (mean ± SEM) to preferred-direction drifting grating stimuli of varying temporal (left panel) and spatial (right panel) frequencies in wild-type (n = 46 cells, n = 6 retinas) and *Amigo2* KO (n = 40 cells, n = 8 retinas) mice. Preferred-direction firing rates tended to be higher in *Amigo2* KO compared to wild-type mice, but this trend did not reach statistical significance; p = 0.15 (left panel) and p = 0.056 (right panel) by bootstrapping.\
(E) Direction selectivity indices (DSIs; mean ± SEM) of DSGC responses to drifting grating stimuli of varying temporal (left panel) and spatial (right panel) frequencies in wild-type (n = 46 cells, n = 6 retinas) and *Amigo2* KO (n = 40 cells, n = 8 retinas) mice. DSIs were consistently higher in *Amigo2* KO compared to wild-type mice; p = 0.0032 (left panel) and p = 0.0085 (right panel) by bootstrapping.\
(F and G) Spatiotemporal receptive field maps (left panels) and static nonlinearities (right panels) of representative ON (F) and OFF (G) ganglion cells in wild-type (top panels) and *Amigo2* KO (bottom panels) mice.\
(H) Cumulative distributions of time to peak sensitivity (left panel) and peak firing rates (right panel) of ON ganglion cells in wild-type (n = 143 cells, n = 5 retinas) and *Amigo2* KO (n = 156 cells, n = 6 retinas) mice; p = 0.94 for time to peak sensitivity and p = 0.54 for peak firing rates by bootstrapping.\
(I) Cumulative distributions of time to peak sensitivity (left panel) and peak firing rates (right panel) of OFF ganglion cells in wild-type (n = 185 cells, n = 5 retinas) and *Amigo2* KO (n = 233 cells, n = 6 retinas) mice; p = 0.67 for time to peak sensitivity and p = 0.59 for peak firing rates by bootstrapping.\
Throughout the figure, \*\*p \< 0.01 and ns indicates no significant differences for statistical comparisons.\
See also [Figures S3](#SD1){ref-type="supplementary-material"} and [S6](#SD1){ref-type="supplementary-material"}.](nihms-1542665-f0007){#F6}

![RBC Dendrites Expand and Form More Synapses in *Amigo2* KO Mice\
(A and B) Maximum intensity projections of confocal image stacks of the outer plexiform layer of wild-type (A) and *Amigo2* KO (B) retinas. RBC dendrites are labeled by *AAV-Grm6-YFP* and postsynaptic specializations are marked by GPR179 clusters.\
(C and D) Schematic representation of dendrite territories (magenta) and synapses (green) of the RBCs in (A) (shown in C) and (B) (shown in D), respectively.\
(E) Cumulative distributions of RBC dendrite territories in wild-type (131.4 ± 5.2 μm^2^,n= 29 cells, n =5 retinas) and *Amigo2* KO (149.9 ± 4.5 μm^2^, n = 28 cells, n = 4 retinas) mice; p = 0.0075 by Mann-Whitney *U* test.\
(F) Cumulative distributions of RBC dendritic synapses in wild-type (25.2 ± 1.1, n = 22 cells, n = 5 retinas) and *Amigo2* KO (39.13 ± 0.89, n = 16 cells, n = 4 retinas) mice; p = 6.1 3 10^−7^ by Mann-Whitney *U* test.\
(G) Summary data (mean ± SEM) of the distribution of synapses onto RBCs as a function of the absolute distance from the center of their dendritic territory in wild-type (n = 22 cells, n = 5 retinas) and *Amigo2* KO (n = 16 cells, n = 4 retinas) mice; p = 1.0 3 10^−5^ by bootstrapping.\
(H) Summary data (mean ± SEM) of the synapse density across RBC dendrite territories as a function of the relative distance from the center of the territory in wild-type (n = 22 cells, n = 5 retinas) and *Amigo2* KO (n = 16 cells, n = 4 retinas) mice; p = 0.16 by bootstrapping.\
Throughout the figure, \*\*\*p \< 0.001 and ns indicates no significant differences for statistical comparisons.\
See also [Figures S4](#SD1){ref-type="supplementary-material"} and [S5](#SD1){ref-type="supplementary-material"}.](nihms-1542665-f0008){#F7}

###### 

KEY RESOURCES TABLE

  REAGENT or RESOURCE                                           SOURCE                       IDENTIFIER
  ------------------------------------------------------------- ---------------------------- ------------------------------------------------------
  Antibodies                                                                                 
                                                                                             
  Goat anti-ChAT                                                Abcam                        RRID:AB_2079595
  Mouse anti-PKCɑ                                               Sigma                        RRID:AB_477375
  Mouse anti-DDK                                                Origene Technologies         RRID:AB_2622345
  Rabbit anti-GFP                                               Invitrogen                   RRID:AB_221569
  Mouse anti-GPR179                                             Millipore                    RRID:AB_2069582
  Donkey anti-rabbit IgG Alexa 488                              ThermoFisher                 RRID:AB_2535792
  Donkey anti-rabbit IgG Alexa 568                              ThermoFisher                 RRID:AB_253401
  Donkey anti-goat IgG Alexa 488                                ThermoFisher                 RRID:AB_2534104
  Donkey anti-goat IgG Alexa 568                                ThermoFisher                 RRID:AB_2534104
                                                                                             
  Bacterial and Virus Strains                                                                
                                                                                             
  *AAV-EF1a-BbTagBY (AAV-Brainbow)*                             Addgene                      Cat\# 45185-AAV9
  *AAV-EF1a-BbChT (AAV-Brainbow)*                               Addgene                      Cat\# 45186-AAV9
  *AAV-Grm6-YFP*                                                [@R30]                       N/A
  *AAV-CAG-YFP*                                                 [@R76]                       N/A
                                                                                             
  Chemicals, Peptides, and Recombinant Proteins                                              
                                                                                             
  DAPI (4',6-Diamidino-2-Phenylindole, Dihydrochloride)         ThermoFisher                 RRID:AB_2629482
  DIG-RNA labeling kit                                          Roche                        Cat\# 11277073910
  T7 RNA polymerase                                             Promega                      Cat\# P2075
  RNasin                                                        Promega                      Cat\# N2111
  SfaNI                                                         NEB                          Cat\# R0172S
  Xtremegene HP                                                 Roche                        Cat\# 6366244001
  T7E1                                                          NEB                          Cat\# E3321
  T7 mMessage mMachine Ultra Kit                                Life Technologies            Cat\# AM1345
  Megaclear Kit                                                 Life Technologies            Cat\# AM1908
  Microcarrier gold 1.6 mm                                      BioRad                       Cat\# 1652264
  Tissue-Tek OCT compound                                       Sakura                       Cat\# M71484
  TSA Cyanine 3 (Cy3)                                           Perkin Elmer                 Cat\# SAT704A001EA
  NBT/BCIP                                                      Roche                        Cat\# 11681451001
                                                                                             
  Experimental Models: Organisms/Strains                                                     
                                                                                             
  Wild-type (*C57Bl6/J*)                                        Jackson Laboratory           RRID:IMSR_JAX:000664
  *B6;Cg-Gt(ROSA)26So*^*rtm9(CAG-tdTomato)\ Hze*^*/J* (*Ai9*)   Jackson Laboratory           RRID:IMSR_JAX:007909
  *B6;129S6-Chat*^*tm2(cre)Lowl*^*/J*                           Jackson Laboratory           RRID:IMSR_JAX:006410
  *Tg(Drd4-EGFP)W18Gsat*                                        MMRRC                        Cat\# MGI:3839370
  *Amigo2 KO*                                                   This study                   N/A
                                                                                             
  Recombinant DNA                                                                            
                                                                                             
  *CMV-tdTomato*                                                Clontech                     632534
  *CMV-PSD95-YFP*                                               Ann Marie Craig              
  Mouse *Amigo2*                                                Horizon Dharmacon            105827
                                                                                             
  Software and Algorithms                                                                    
                                                                                             
  MATLAB                                                        The Mathworks                RRID:SCR_001622
  Cogent Graphics Toolbox                                       Laboratory of Neurobiology   [www.vislab.ucl.ac.uk](http://www.vislab.ucl.ac.uk/)
  Fiji                                                          [@R70]                       RRID:SCR_002285
  Amira                                                         ThermoFisher                 RRID:SCR_014305
  Offline Sorter                                                Plexon Inc                   RRID:SCR_000012
  Monocle 3                                                     Trapnell Laboratory          <https://cole-trapnell-lab.github.io/monocle3>

###### Highlights

-   Starburst amacrine cells (SACs) and rod bipolar cells (RBCs) express AMIGO2

-   Dendrites of SACs and RBCs expand in a precisely scaled manner in *Amigo2* KO mice

-   Dendrites of other retinal neurons and connectivity of SACs and RBCs are unchanged

-   Enhanced direction selectivity accompanies increased SAC dendrite coverage
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